The performance of direct workers has a significant impact on the competitiveness of many manufacturing systems.
Introduction
The design and re-design of manufacturing systems is a challenging activity.
The competitive environment is constantly changing and there appears to be an insatiable demand to make products cheaper, better and faster. In this environment, people who carry out somewhat repetitive manual production tasks seem to remain key to success (Womack et al. 1990, Parker and Wall 1996) .
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Although this importance is widely recognized (Jaikumar 1986 , Womack et al. 1990 ), the factors which affect performance are less well understood. This is particularly an issue within the process of manufacturing system design (Baines and Kay 2002). Designers of manufacturing systems often have a scant appreciation of the wide range of factors that influence the performance of the people who work within their factories. This can lead to their subsequent designs not performing as expected, with the engineer frequently overestimating how efficiently or effectively people will work. Some compensation can be made by taking a conservative view of likely system performance, but this is a poor substitute for properly understanding the factors that determine such performance.
A key challenge in manufacturing system research is to improve the awareness of engineers about the impact that human factors have on their designs (Barroso and Wilson 1999, Bonney et al. 2000) . It is particularly desirable to improve this awareness early on in the design process, as many factors can be easily and inexpensively modified at this stage. One tool for improving this awareness is computer based simulation modelling (Baines and Kay 2002, Baines et al. 2003) .
This technique is a popular and attractive aid to designers, currently allowing them to experiment with many system variables including, for example, the number of people working on a production line, their shift patterns and task priorities. If the capability of modelling can be further developed to enable assessment of some of the more significant human behavioural factors, this would be a valuable means of stimulating further consideration of these factors during the design process.
The work described in this paper has, therefore, set out to develop the foundations for a modelling tool that enables the assessment of key human factors early in the process of manufacturing system design. This theoretical framework has been formed t hrough an extensive search and synthesis of literature from a variety of sources. Described within this paper is the process used to form the framework, the framework itself, and how this can now enable the construction of practical tools for engineers. The final sections describe future research that can now be based around this framework.
Background to the research

An appreciation of the industrial problem.
Highly efficient production systems remain central to enabling cheaper, better and faster product manufacture (Slack et al. 2001) . However, the archetypal mass production system of Henry Ford is rarely seen in practice. Market pressures translate into ever increasing demands for wider product variety, customization, faster delivery, improved quality and reduced cost ( Jaikumar 1986 ). Consequently, the modern flow-line production system is an attempt to identify some similarities in product manufacture and to impose structure and routine into these complex systems. For example, anecdotal evidence suggests that within a typical automotive factory as many as 5000 different permutations in product specification may be produced on a flow-line production system. In this situation manufacturing system design is an onerous task, yet such systems must be re-designed every time a new product is introduced. Levels of financial investment can be immense (multi million pound), and the consequences of poor design can be significant. If a system fails to perform as expected, it can cause severe tension between planners and operators, and can lead to failure of the host organization. Many tactics can help to reduce the extent of failure, such as building excess capacity into a design, involving system operators in the design process, and employing computer based modelling techniques such as Discrete
Event Simulation (Baines and Kay 2002).
Simulation is very popular in industry. It allows computer based models to be constructed that emulate the behaviour of the proposed system (Robinson 1994).
The software is easy and fun to use and small models can be constructed relatively quickly. However, simulation models can appear credible even when performance predictions are unrealistic (Baines 1994) . Such errors depend on many factors, such as the competence of the user and the complexity of the real system being modelled. One particular issue is the assumption that workers within factories are highly predictable and standardized in their behaviour. For example, model builders (who are frequently engineers), tend to assume that workers always start work on time, operate at a constant rate throughout the day, take breaks at planned times etc.
Such regular behaviour of workers rarely occurs in practice. Figure 1 is a time series showing how the cycle time performance of a manual workstation varies.
These are actual times taken from a real engine assembly operation within a UK based automotive manufacturing organization. The d ata w ere gathered electronically over 12 weeks, and this particular figure illustrates a typical 8 hour production slot. Each data point shows the cycle time performance of an individual worker, and each cluster represents different operatives at the work station. Hence, the time series shows the extent to which performance varies for workers, and across workers, for a typical work station throughout an eight hour shift. Also evident in this graph are the operator break times, which also vary from those planned. Analysis of the data suggests that up to one third of the potential time for production is lost due to stoppages, extended breaks and disruptions to the flow of the line, many of which may be caused by worker behaviour.
In this study, such variance was apparent across several workstations throughout the twelve week observation period. In this same plant, we also observed that the simulation models used to aid the design process typically over estimated assembly line performance by 15 to 20%. An important factor in this gap between real and anticipated performance of the system is undoubtedly the assumption that worker performance is somewhat standardized, which as figure 1 illustrates is not the case in practice.
Insert figure 1 about here
A desirable improvement to simulation would be a more realistic representation of variations in human performance and ideally the human factors which influence these variations. Baines and Kay (2002) show how such a capability could be provided through a Human Performance Modelling tool that integrates with computer based simulation, to support the process of manufacturing system design. This is illustrated in figure 2 . Development of such a capability would have two principal benefits. First, it would enable the creation of more valid models of manufacturing systems which would allow investment decisions to be made with greater confidence. Second, by enabling a greater consideration of human factors earlier in the systems design process, it would encourage designers to create working environments which are more sympathetic to high performance of the work force.
Insert figure 2 about here
Improving simulation, however, is not simply a challenge to the information technology and computer programming community. Currently available simulation tools, such as Witness (Robinson et al. 2001) , are quite capable of representing a probability distribution of human performance. The challenge is rather; to understand precisely where a variation in human performance should be considered in a model of a manufacturing system; to appreciate the nature of such variation; and the factors that affect and amplify this variance. Therefore, a first step in creating a human performance modelling capability is to determine a theoretical framework that relates the performance of workers directly involved with manufacturing tasks, with the key factors that influence this performance.
Developing such a framework is the topic of this paper.
A review of current theoretical frameworks
A variety of theoretical frameworks currently exists, and though none of these is tailored to the modelling challenge being addressed, they provide a valuable insight into the form a suitable framework may take. An overview of these frameworks is given in In respect of models that are particularly related to the manufacturing system human performance modelling framework does account for physical and social / organizational environments, it represents human processes and performance in social systems via group behaviours using autonomous agents. Thus, the generic framework does not, once again, provide a model of factors and functional relationships relevant to the performance variables of a manufacturing work environment.
These frameworks exemplify the current research problem. Clearly, there is a need for a simple framework which encapsulates the multitude of human factors that need to be considered in manufacturing systems. Parker et al. (2001) assert that a universal list of factors would probably be infinite -but that it should be possible to identify categories of variables in an 'overall guiding theoretical framework' that could be adapted and applied differently according to context.
The challenge for this research is to create such a guide that will be specifically appropriate to manufacturing system simulation.
Insert table 1 about here 3. Research aim and methodology
Overview of research aim and methodology
The aim of the research described in this paper has been to form a theoretical framework that will enable human performance modelling within the process of manufacturing system design. At this stage in our research we have limited our scope to 'direct workers' (Greener 1994), those people who carry out the somewhat manual tasks within production, but whose activity is critical to the overall performance of a facility. To achieve the aim, two principal questions are immediately apparent. First, what are the appropriate direct worker activities and associated performance measures on which a framework should be based?
Second, what factors are most likely to have an impact on these measures?
The research methodology was structured to address each of these questions in turn. The first stage investigated the ways in which a typical DES tool currently deals with direct workers. A typical commercial modelling tool was studied in detail, the procedure used to represent direct workers was assessed, and from this the required measures of variations in human performance were identified.
This approach is explained further in section 3.2.
The next step was then to identify the human factors which are most likely to have an impact on these metrics in practice. As many potential factors exist Parker et al. 2001) , a method of screening and ranking possible factors was designed. This method included an assessment of whether a factor was relevant to the performance metrics, whether it was measurable, and the probable extent to which it would affect worker performance. An extensive literature search was then conducted to identify possible factors.
The starting point for the investigation of the factors was based on Kurt Lewin's field theory (Lewin 1935).
Field theory, which is a very open framework, regards individual behaviour as the outcome of a dynamic system, in which factors relating to the individual interact with elements of the environment, as shown in figure 3. To guide this review, the literature search was structured around factors relating to the individual and the working environment.
On completion of this analysis, the factors and performance measures were brought together to form the framework. Section 3.3 describes this procedure in greater detail.
Insert figure 3 about here 3.2 Procedure used for identifying relevant measures of direct worker performance.
The first stage in the research was to determine the appropriate measures of direct worker performance; in other words where within a simulation model of a manufacturing system should distribution in human performance be considered?
Witness (Robinson et al. 2001 ) was chosen as a representative modelling tool, this is based on the technique of DES and is very popular within industry. On investigation it became apparent that within this tool a rather mechanistic approach is taken to modelling workers, for example:
• When workers are available in a model, they can be instantaneously 'called' by machines and will instantaneously respond unless they are held back by another machine.
• When called to a machine, the workers then perform at a constant rate.
• On completion of a task, a worker is 'released' and will instantaneously be available to other resources.
• No production errors are attributed to the worker.
Although each of these assumptions is a rather simplified view of worker behaviour and performance, three important points must be stressed. First, Witness is not unusual in the manner the tool treats workers; rather, we consider this to be a very capable and credible product. Second, these limitations are not simply a software limitation; rather, they illustrate a fundamental lack of knowledge about worker interactions and performance. Finally, representing workers in this simplistic way, may only be an issue when model accuracy is of upmost importance. Sometimes a model may be constructed simply to illustrate a system in operation. Only when model accuracy is critical is a more realistic representation of human performance necessary. In this situation however, the following considerations of human performance need to be incorporated in tools such as Witness:
• Dependability distribution: Given that all conditions for a worker to begin a task are met, what delays occur prior to an operator responding to instructions to start work?
• Activity time distribution: after a worker has started a task, how will the activity time vary?
• Error rate distribution: how accurately and reliably does an operator carry out a task? Errors are any deviation from product specification, which may result in unserviceable product ('scrap') or product which requires additional processing to become serviceable ('rework').
In addition to addressing these three major variations in worker performance, if a model is run over an extended period other issues that should also be considered include:
• Absenteeism rate: how consistent does a person participate in the work activity over an extended period? Absence from the workplace can occur for many reasons such as official leave, such as allowances for child birth, bereavement, training etc, as well as statutory sick leave.
• Accident rate: how safely does an operator carry out their work? A number of accident types can be identified, e.g. those caused by human error that result in personal injury, and those caused by human error that result in damage to plant, buildings, or equipment.
• Staff turnover rate: How constant is worker engagement? The number of employees starting (or finishing) employment at a particular place of work over a given period, and the associated impact of 'green' labour.
On this basis, there are six important variations in human performance that ought to be considered in a model of a manufacturing system. In the remainder of this paper we refer to these as the Human Performance Variation Metrics, and move on to explore the key factors that affect these.
Procedure used for identifying key human related factors
The second stage of the research was to identify those key human related factors which are most likely to cause variation in the six human performance variation metrics. As outlined in section 3.1, the approach taken to identifying these key factors was first to conduct a large scale identification of relevant literature, and then to apply a method of screening. The literature search was carried out in a variety of areas, including manufacturing management, applied psychology, social psychology, ergonomics, human factors, behavioural medicine, applied physiology, health and safety, environmental medicine, management science, organizational studies, economics, industrial relations, human resources management and occupational psychology. Over 800 references were considered overall. Each of these papers was in some way concerned with a factor which has been found to have some impact on human performance. Each paper was then screened on the basis of the following four criteria:
• General relevance: I s there evidence in the paper that the factors considered are related to the performance of people conducting manual and repetitive activities?
• Specific relevance: Is the factor related to manual production work and/or likely to be directly related to the human performance variation metrics?
• Robustness: Is the literature consistent in terms of the impact of the factor? Are the sources quoted reliable and based on credible, robust empirical studies?
• Measurability: Can the factor be reliably and consistently assessed?
The screening was carried out by assessing each paper in turn against the four criteria outlined above. Once an initial screening had been made to reduce the range of papers being considered, a secondary assessment was then conducted to score and rank papers. The scoring process was based on a scale of 0 -4.
Here a score of '4' meant that the factor satisified the factor very well, and where '0' meant that the factor did not satisfy the criteria in any way.
This screening identified a total of 65 potential factors for inclusion in the theoretical framework. These fell into three categories; factors relating to the individual worker, factors relating to the physical working environment, and factors concerned with the organizational working structure. In the remainder of this paper we refer to these as the key human centred factors. These combine with the human performance variation metrics to give the outline of modelling capability. The actual factors chosen is given in table 2, with an overview of the debate involved in each case given below.
Key human centred factors
This section gives a summary of the considerations made in each of the three categories of key human centred factors.
Factors about the individual.
Factors in the literature relating to the person themselves comprised a diverse range of 'state' and 'trait' variables spanning six major categories: personality, demographics, physiology, cognition, motivation and skills. They can relate to performance in a number of ways. For example, 'trait' cognitive ability can contribute directly to overall job performance, in all areas of work, through its effects on knowledge and skills acquisition ( Ree et al. 1994) . Similiarly, motivation 'states' such as job satisfaction have been found related to performance via job characteristics (Hackman and Oldham, 1976) .
The process of assessing these factors was complex and extremely difficult.
Some factors performed well against the screening process. Here, t he intelligence factor 'general cognitive ability' ('g') and the personality dimension of 'conscientiousness' scored most highly across the scoring criteria, being straightforward to measure and supported by robust literature indicating that these are the factors most strongly related to work performance (Viswesvaren and Ones 2000) for both individual and organizational outcomes (Miller et al. 1999 ). Other personality traits scored highly for being easily measurable and related to work performance, although this tended to be in relation to specific However, although basic demographics, such as age and gender, could be scored highly in terms of measurability and relevance to work performance (Ilmarenen 1994), most of the demographic and physiological factors received very low scores against the selection criteria. This was because certain factors were supported by little evidence to suggest a relevance to manufacturing productivity and / or were found particularly difficult to measure.
Factors about the physical environment
Physical environmental factors in the literature cover the areas of noise, vibration, light and indoor air quality (including air temperature and humidity). recording light levels is also relatively easy to carry out.
Factors about the organizational environment
Organizational environmental factors relate to organizational structure, culture and human resources practices. Structural factors such as shift work (Monk and A number of organizational factors were rejected through screening. For example, from the literature it can be seen that the impact of payment systems on worker productivity is controversial. Some authors argue that pay is more often associated with factors such as job level and seniority than performance (Lawler 1975) , and that incentive schemes rarely have the desired effect and may be counter-productive (Kohn 1993), although others dispute this (Luthans and Stajkovic 1999). In addition, the effectiveness of payment schemes may be hard to measure, because they apply to the workforce as a whole, and hence their impact on individual worker performance cannot be evaluated. This difficulty also applies to other organizational factors, such as recruitment and employment security.
A most significant organizational variable is shift work, the effects of which are documented by a considerable literature (e.g. Monk and Folkard 1992 , Akerstedt and Landstrom 1995 , Hossain and Shapiro 1999 , and Marquie and Foret 1999 .
This factor can be 'measured' by comparing variations in productivity between different shifts. Team working is also important (see e.g. Kolasa 1975 , Ichniowski and Shaw 1999 , Dunphy and Bryant 1996 , and the effects may be measured by looking at differences in productivity between teams.
Formation of the theoretical framework
The screening of factors involved a degree of subjective judgement, particularly in assigning values for the scores and in ranking. This was inevitable given the nature of the problem. However, the process that was followed provided a way of making the subjective judgements explicit and thus open to review. Scores were assigned, discussed and reviewed by members of the research team, rather than a single individual, to ensure that a convincing case could be made for each score. In the absence of a more objective method of assessing the factors, this was felt to be the most satisfactory approach available. The ranking of human centred factors then provided a basis for the formation of the theoretical framework. The inventory of ranked factors, however, still consisted of 65 potential variables, which was considered to be too many for inclusion into a framework which would eventually be used in practice. Consequently, the ranking was examined carefully and a clear cut-off point was established by looking for natural groupings, especially against the criteria of relevance and measurability. In this way, thirty key factors were finally identified, and these are shown in the shaded area of table 2.
Insert table 2 about here
The key factors identified by this process provide a comprehensive picture of the factors that are most likely to influence a person carrying out production tasks.
These factors range from the individual's personality, intelligence and demographic characteristics to the physical setting of the workplace and the characteristics of the organization. The original framework derived from Lewin's model, as illustrated in figure 3 , was first expanded using the three sets of key human centred factors, and then expanded further to include the human performance variation metrics established in section 3.2. This is illustrated in figure 4 .
Insert figure 4 about here
The theoretical framework offers a qualitative representation of the determinants of worker performance. The final element of the theoretical framework is the set of functional relationships, which describe the effects on the performance measures of changes in the key variables. At this stage of our research, it is only possible to offer hypothetical relationships between the key factors and the performance measures, of the generic form shown in equation (1), where ∆V j (j=1-30) is a change in the value of a key variable and ∆P ij (i=1-6, j=1-30) is the resultant change in the value of a performance variable.
Although the general form of some of these relationships can be gleaned from the literature (for example, the impact of age on cycle time), their precise nature has yet to be established. This therefore is the future challenge in creating a human performance modelling capability within the process of manufacturing systems design.
Concluding remarks and future work
The aim of the research described in this paper has been to form a theoretical framework to conceptually enable human performance modelling as an aid to manufacturing system design.
The next stage in the development of a modelling tool is the elaboration of the functional relationships in the manufacturing context, and the work described here will provide a structure around which such a study can be designed. The theoretical framework will provide a means of hypothesising the relationships that need to be sought in order to begin to form a modelling tool. This research will need to be conducted in a real manufacturing environment, and there will be several significant challenges to be overcome. For example, we may find that some of the key variables in our framework are simply too controversial to measure in practice, such as attempting to relate age, gender or IQ to performance. We may therefore be forced to consider rationalizing our framework further to make it workable in practice. Also, experiment design will need to overcome issues associated with worker performance being impacted by an intrusive experimentation procedure, classically associated with the Hawthorne Effect.
Such barriers mean that the future for research in this field is likely to be a stream of interrelated projects which incrementally develop theory and practice. The goal is simply a noble attempt to entice engineers to more carefully consider human factors, early in the design process, and using simulation as a vehicle to realise this goal. It may take a several research initiatives before even a limited modelling capability is available, and this may be based on a very much smaller set of factors than those presented in this paper. Nevertheless, the work described here is an essential step in developing this capability, as it attempts to order and prioritise those factors that clearly should be considered in the next phase of research, and those that for the moment need not be considered further. 
